Approximately 10% of all radioactive wastes produced in the U. S. are mixed with hazardous or toxic chemicals and therefore can not be placed in secure land disposal facilities.
Introduction
Approximately ten percent of all radioactive waste produced in the United States is mixed with hazardous waste and therefore can not be sent to licensed radioactive waste, land disposal facilities until it is treated to meet Resource Conservation and Recovery Act (RCRA) land disposal restrictions (NRC 2001 , DOE 2000 , Waters and Gruebel 1997 . The land disposal restriction for many non-chlorinated organic solvents, including acetonitrile, can be 1.0 mg/L or less (USEPA 2003) . Radioactive wastes are classified as mixed wastes if they contain characteristic or listed hazardous waste under RCRA and are classified as "low-level" wastes under Nuclear Regulatory Commission classifications (Waters and Gruebel 1997, NRC 2001) .
The RCRA hazardous waste list includes both organic and inorganic chemicals. The U. S.
Department of Energy (DOE) does not track RCRA listed organic and inorganic wastes
separately, but DOE is the largest producer of mixed waste in the U. S. (DOE 2000) . A 1997 study identified 130,000 m 3 of mixed waste awaiting treatment or disposal at DOE Facilities (Waters and Gruebel 1997) . Estimates of commercial sector mixed waste generation are as high as 140,000 m 3 per year (NRC 2001 , USEPA/NRC 1992 . Mixed wastes represent 5 to 10 % of all radioactive waste produced in the biomedical and academic communities and 70 % of these mixed wastes are RCRA listed based on their hazardous organic content (NRC 2001) .
Mixed wastes containing RCRA hazardous organic waste, such as waste oil, scintillation fluid, and spent chromatography solvents, are typically treated of by incineration (NRC 2001 , DOE 2000 , Ismagilov et al. 2000 , Schwinkendorf et al. 1995 . Incineration destroys the hazardous organic component of the mixed waste and the radioactive component is captured with the fly-ash or released with stack gasses (Birk 1998 , Ismagilov et al. 2000 , Martin and Manahan 1998 , Tries et al. 1996 , Hochel 1997 . Less volatile radionuclides are collected with 3 of 33 the fly-ash and can be sent to land disposal facilities so long as they meet the permissible radionuclide concentration and were not over-concentrated during incineration (Birk 1998, Waters and Gruebel 1997) . Tritium (hydrogen-3), carbon-14, and iodine-125 are essentially 100% volatilized during incineration and released with stack gasses (Tries et al. 1996 , Hochel 1997 ). Release of radioactive materials during incineration poses a challenge for facilities attempting to meet zero discharge goals and for facilities producing mixed wastes with high specific radioactivity (Chang et al 1999 , Hageman 2002 , Waters and Gruebel 1997 . Radioactive waste incineration facilities are designed by volume capacity and charge by volume of material, but, mixed waste incinerators have limits on the total radioactivity they can release per year and add surcharges based on waste radioactivity (NRC 2001) . Consequently, incineration costs can be very high even for small volumes of waste (Tries et al. 1996 , NRC 2000 , Hageman 2002 , Chang et al. 1999 . For example, costs for commercial incineration of tritiated mixed waste from the National Tritium Labeling Facility (NTLF) was estimated to be as much as $200,000,000 (Chang et al. 1999) . If the waste were no longer hazardous, land disposal costs of low level wastes are estimated to be approximately $330,000 at commercial facilities (NRC 2001) or less at DOE disposal sites.
For mixed wastes where incineration is unavailable or cost prohibitive or land disposal is restricted, there may be no identified legal disposal options (Hageman 2002 , Waters and Gruebel 1997 , Chang et al. 1999 , Schwinkendorf et al. 1995 . These "orphan" mixed wastes are typically not generated in large volumes, but significant innovation is needed to resolve individual mixed waste disposal challenges (Hageman 2002, Waters and Gruebel 1997) . In a recent survey of DOE facilities, approximately 5,100 m 3 of mixed wastes were classified as having characteristics that prevent them from being sent to existing DOE or commercial 4 of 33 radioactive waste disposal facilities (DOE 2000) . The median volume associated with an individual orphan waste was only 3 m 3 and one third of the orphan mixed wastes were produced in a volume of one m 3 or less. Orphan mixed wastes are also generated in the biomedical and academic sectors (NRC 2001 , Hageman 2002 .
Most studies examining alternative treatment processes have not addressed treatment issues specific to volatile radioisotopes (Schwinkendorf et al. 1995 , Ismagilov et al. 2000 , Martin and Manahan 1998 , Wolfram et al. 1997 , Vanderberg et al. 1999 , Chang et al. 1999 . It has been
proposed that biological treatment could present an alternative to incineration for the treatment of mixed wastes containing biodegradable organic solvents (Hageman 2002 , Wolfram et al. 1997 , Schwinkendorf et al. 1995 , Chang et al. 2002 . Biological treatment offers potential advantage in that it is a low-temperature treatment that can be done in "units" of tanks or containers and is therefore allowable for on-site treatment under the U. S. Environmental
Protection Agency (USEPA) final mixed waste rule (USEPA 2001 , Hageman 2002 ).
Additionally, biological treatment can be completely contained in a variety of ways (most commonly in completely sealed reactors such as respirometers), so that no waste is released into the biosphere until treatment is determined to be adequate. In contrast, loss of process control during thermal treatment results in an immediate release of radioactive or hazardous materials to the atmosphere (Birk 1998) . Vanderberg et al. (1999) described a combined physical and biological treatment procedure for treating paint and solvent wastes produced during decontamination and decommissioning of nuclear weapon complexes. To avoid toxicity to the biological treatment system, volatile organic solvents were separated from non-volatile radioactive metals (plutonium and americium) by air-stripping before biotreatment. Air stripping was also used in other studies 5 of 33 to circumvent substrate inhibition effects in biological reactors treating mixed wastes containing xylenes (Wolfram et al. 1997) . Air stripping may be appropriate for some orphan mixed wastes, but air-stripping tritiated wastes increases the probability tritium will escape to the atmosphere during treatment. Additionally, air stripping is inefficient for removing high solubility, low volatility solvents such as acetonitrile and methanol.
Avoiding substrate inhibition is the most significant challenge in designing biological treatment systems for concentrated or toxic wastes (Lee et al. 1996 , Wolfram et al. 1997 , Vanderberg et al. 1999 , Chang et al. 2002 , Schwinkendorf et al. 1995 , Shem et al. 1996 .
Studies examining the treatment of inhibitory wastes typically utilize or evaluate continuous stirtank reactors (CSTRs) or a variety of batch reactor configurations (Lee et al. 1996 , Wolfram et al. 1997 , Vanderberg et al. 1999 , Schwinkendorf et al. 1995 , Shem et al. 1995 . Substrate inhibition of treatment is commonly avoided by diluting a toxic waste to a concentration below the corresponding half-saturation constant (K s ) or some reference concentration known to be non-toxic (Lee et al. 1996 , Wolfram et al. 1997 . For highly toxic wastes, such as chemical warfare materiel (CWM), dilution is not inherently undesirable, except that dilution may require increased handling and thereby increase chance of human or environmental exposure (NRC 2000 , NRC 2002 . Increasing flow volume by dilution will also require a larger reactor for equivalent treatment. In the case of mixed wastes, dilution is undesirable because disposal costs for radioactive wastes are based on volume as well as radioactivity. Using biological treatment to remove the hazardous component of the mixed waste to meet land disposal restrictions is not practical if the volume of the waste is increased to the point that land disposal costs become prohibitive.
solvent constituents of mixed wastes, including methanol and acetonitrile (Wolfram et al. 1997 ).
However, most solvents found in mixed wastes were inhibitory to bacterial activity and required dilution before treatment. Acetonitrile was noted as being particularly toxic to bacteria and was not degraded at a 0.1% (v/v) concentration. Partial treatment of acetonitrile was achieved at concentrations of 0.04% or less. Complete treatment could only be achieved at higher initial biomass concentrations and lower initial acetonitrile concentrations (Wolfram et al. 1997) . A typical tritiated mixed waste generated from a chromatographic process can contain 10% or greater acetonitrile (Chang et al. 1999 , Chang et al. 2002 and would require extensive dilution to be treated using typical batch or CSTR biological treatment systems.
In this study, we tested the hypothesis that a drip-feed, batch-treatment bioreactor could be used to treat mixed wastes under contained conditions with minimal dilution. We tested the drip-feed bioreactor against a surrogate of an acetonitrile mixed waste produced during the purification of tritium labeled biomedical research reagents at the NTLF (Chang et al 1999 , Chang et al. 2002 . Using a drip-feed bioreactor configuration, we were able to treat a 10% acetonitrile solution to a final concentration of less than 0.1 mg/L with a final dilution factor of only 3.4. The results of this research demonstrate that biological treatment is a viable alternative for the treatment of concentrated toxic, hazardous, or mixed wastes.
Materials and Methods
Bacterial inoculum. An acetonitrile degrading culture was enriched from an uncontaminated soil collected in Berkeley, CA. Two grams of this soil was added to 50 mL deionized water in a flask and was shaken for two hours. One mL of liquid phase from the soil The bacterial culture used to prepare the initial reactor biomass was grown by inoculating 10 mL of the acetonitrile enrichment culture into two one-liter batches of NFMM supplemented with acetonitrile to maintain an acetonitrile concentration of between 100 and 200 mg/L. After 17 days of growth under theses conditions, 200 mL of NFMM was added to both cultures to make up the total volume of 1.2 liters per culture. 300 mL draw-fill maintenance was done on these cultures every four days.
The acetonitrile enrichment culture was washed three times with NFMM before being inoculated into the reactor. The washing was done by centrifuging the enrichment culture (total volume of 2.4 liters) with Beckman J2-HS centrifuge at 8000 rpm for 10 minutes per wash. The culture pellet was resuspended in 100 mL of NFMM and used to inoculate the drip-feed reactor.
Batch growth kinetics. Bacterial growth kinetics were measured using 250 mL side arm flasks containing 50 mL of SSC media containing acetonitrile at concentrations ranging from 40 mg/L to 100,000 mg/L at 25° C. Flasks were inoculated with 0.1 mL of a washed acetonitrile 8 of 33 enrichment culture and tightly sealed with screw-caps. The initial optical density of each flask was recorded and then the flasks were placed on an orbital shaker (250 rpm's at 25° C). Optical density measurements were taken approximately every half hour during log growth stage.
Growth rates (μ) for each concentration of acetonitrile was obtained by graphing the natural log of the optical density as a function of time. Acetonitrile was an inhibitory substrate and biokinetic parameters for growth were estimated using the Haldane model for inhibitory substrates:
Where, µ is the observed growth rate, µ max is the maximum growth rate, S is the substrate (acetonitrile) concentration, K m is the half-saturation constant, and K i is the inhibitory substrate concentration. Biokinetic estimates were obtained from the model fit using nonlinear regression.
Oxidation kinetics. Acetonitrile culture from the draw-fill reactor were harvested, washed three times and resuspended in SSC media and the optical density was measured. The respirometer (Clark type electrode) was calibrated with distilled water saturated with oxygen.
All experiments were conducted at 25° C. Approximately 1.7 mL of the acetonitrile culture was then placed into the respirometer. The oxygen uptake of the culture was monitored for approximately ten minutes, until a steady baseline was recorded. Solutions of acetonitrile in distilled water were prepared to give final concentrations ranging from 10 mg/L to 10,000 mg/L in the respirometry cell. Ten µL of the acetonitrile solution was injected into the cell and the oxygen uptake rate was measured. Net oxygen uptake rates were determined by subtracting the baseline oxygen uptake rate from the rate after the injection of substrate and results were corrected for biomass concentration (specific oxygen uptake rate) as previously described (Stringfellow and Aitken 1995) . Then the oxygen uptake rate as a function of acetonitrile 9 of 33 concentration was fit with the Michaelis-Menten model to estimate the kinetic parameters K m and SOUR max (the maximum specific oxidation rate).
Acetonitrile oxidation kinetics were examined at concentrations well below the K i , so the Michaelis-Menten model was used to estimate biokinetic constants:
Where, v is the observed oxidation rate, V max is the maximum oxidation rate, S is the substrate (acetonitrile) concentration, and K m is the half-saturation constant. Biokinetic estimates were obtained from the model fit using nonlinear regression.
Drip-feed bioreactor. Treatment experiments were conducted using a Bioflo 3000 bioreactor (New Brunswick Scientific). For initial conditions, the reactor was filled with The flow was commenced immediately after the enrichment culture inoculation. The initial influent flow was set to 4 mL/day. At different times, the flow rate was varied between 2, 4, and 6 mL per day. The actual flow rate was measured by weighing the influent bottle at each sampling time.
Biological growth in the drip-feed reactor were modeled using a basic mass balance:
Where X t2 is biomass at time t 2 , X t1 is biomass at time t 1 , Y is the apparent bacterial growth yield, M t is the mass of acetonitrile biotreated in time (t 2 -t 1 ), and k d is the decay constant.
Sampling. Samples were collected in order to conduct optical density, ammonia, nitrate, and acetonitrile analyses. Samples were drawn out from a sampling port with a 10-mL disposable glass pipette. NFMM was added after each sampling so that the volume in the reactor was kept constant at two liters. For example, if 10 mL had been drawn out from the reactor and 4 mL of influent had gone into the reactor since the last sampling, 6 mL of NFMM would be Acetonitrile analysis. Acetonitrile was quantified using a HP6890 gas chromatograph (Aglient) fitted with a flame ionization detector (GC-FID). Five mL of reactor sample was first dispensed into a 13-mm culture tube and acidified by adding two drops of 6N HCl solution. The acidified culture was dispensed into a centrifuge tube and the sample was centrifuged at a speed 11 of 33 of 9100 rpm for 3.5 minutes. The supernatant phase was collected and triplicate samples were analyzed. Separation was achieved using a DB-624 capillary column (J&W, 30.0 m X 250 µm X 1.40 µm nominal), with an initial oven temperature of 140° C for 4 minutes followed by a 16° C per minute temperature increase to 150° C, which was held for 2 minutes. The inlet and detector temperatures were 225° and 250° C, respectively. An auto-injector was used to inject 0.2 μL of sample, the split ratio was 5.4:1 with helium as a carrier gas at 0.7 mL/min flow giving an average velocity of 20 cm/sec. The FID conditions were hydrogen 40 mL/min, air 450 mL/min, and nitrogen as the make-up gas at 45 mL/minute.
Results and Discussion

Determination of biokinetic limitations for solvent treatment.
Experiments were conducted to determine kinetic limitations on the biotreatment of acetonitrile. Mixed cultures that could grow on acetonitrile as a sole carbon and nitrogen source were enriched from uncontaminated surface soils (Chang et al. 2002) . Batch growth kinetics were measured at concentrations as high as 100,000 mg/L acetonitrile. Although observed even at 100,000 mg/L, growth was inhibited at high concentrations (Figure 1 ). Microscopic examination showed irregular shaped cells at the highest concentrations (compared to predominately small rods at lower concentrations) and apparent growth yield (Y) declined at acetonitrile concentrations above 1,000 mg/L (Figure 2 ). These results indicate that the culture was stressed at high acetonitrile concentrations.
The K m for acetonitrile was estimated to be 89 mg/L (Figure 3) , which is high in comparison to other solvents found in mixed wastes, such as methanol, which had a measured K m of 0.2 mg/L (Chang et al. 2002) and methyl ethyl ketone which has a K m of 0.3 mg/L (unpublished data) by the same technique. Similarly, unfavorable biodegradation kinetics for acetonitrile have been observed with other bacterial cultures (Nawaz et al. 1989 , Wolfram et al. 1997 ). In agreement with the conclusions of Wolfram et al. (1997) , the combination of substrate inhibition and inefficient biodegradation kinetics suggest that acetonitrile will be one of the more difficult to treat of the common mixed-waste solvents.
Drip-feed bioreactor conceptual design.
The results of the initial biokinetic studies indicated that acetonitrile concentrations should be kept below 1,000 mg/L to maintain stable performance in a biological reactor. If a 10% solution of acetonitrile was to be batch treated in a completely stirred tank reactor (CSTR), it would need to be diluted approximately one part to 100 to meet this criteria. In a flow-through or draw-fill CSTR, the tolerance for the influent acetonitrile concentration is theoretically higher (due to instantaneous reaction in the CSTR), but experience demonstrates that biological systems treating high influent concentrations of inhibitory wastes have a number of operational problems, including loss of biomass and other upset conditions, that are due at least in part to the fact that mixing is not truly ideal. Mixed wastes containing acetonitrile have been diluted and treated in previous studies (Wolfram et al. 1997 ), but dilution is undesirable for tritiated wastes that need to be solidified for land disposal.
To address the limitations of batch and flow-through CSTR treatment systems for treating mixed wastes, the concept of a drip-feed bioreactor was developed (Figure 4 ). In the drip-feed reactor, a high concentration of active biomass is prepared and placed in a reactor which is partially filled with a buffered medium. The undiluted waste is slowly fed to the active biomass at a rate sufficient to maintain activity, but low enough so that bacterial degradation maintains the aqueous concentration below the K m or some other desired concentration threshold. The reactor has no effluent, but rather fills as the undiluted waste is fed to the reactor. When the 13 of 33 reactor is full, the reaction is allowed to go to completion (in the case of acetonitrile biodegradation to a concentration of less than 1.0 mg/L), the radioactive residual is solidified and sent for land disposal. For a 10 liter batch of an orphan waste a dilution of up to 20 times would be acceptable, as targeted land disposal facilities have a minimum charge for containers less than 0.2 m 3 .
Drip-feed bioreactor operation
For the first weeks of operation, the reactor performed as expected. Acetonitrile degradation was rapid and the acetonitrile concentration in the reactor remained below 60 mg/L.
Biomass and ammonia concentrations increased in the reactor. About day 13, the acetonitrile concentration in the reactor began to rise and the ammonia concentration began to plateau, indicating that the biodegradation reaction was inhibited. Acetonitrile feed was stopped on day 20 and operational parameters were evaluated to determine the cause of the inhibition.
Acetonitrile concentration was approximately 260 mg/L, still well below the inhibitory concentrations as defined by our initial biokinetic studies ( Figures A and C) . Ammonia concentration was 800 mg/L, which although high, is below concentrations typically used in medium for the cultivation of these and other similar bacteria (Chang et al. 2002 , Stringfellow and Aitken 1995 , Stringfellow and Oh 2002 . The pH was 7.6, which is within the range considered normal for bacterial growth and still well below the pK a for ammonia, further indicating that ammonium toxicity was an unlikely cause of the observed inhibition. Trace mineral limitation was considered and on day 47 one mL of a trace mineral solution (see methods for composition) was added, to no effect.
On day 54, we adjusted the pH downward from 7.8 pH to 7.1 pH ( Figure 5 ). The biodegradation reaction immediately began again and acetonitrile concentration fell to less than 8.0 mg/L within 10 days. The sensitivity of the acetonitrile biodegradation reaction to pH was unexpected. Comparison of reaction rate to pH demonstrates a precipitous decline in reaction rate when pH is above 7.2 ( Figure 6 ). The degradation of acetonitrile to ammonia and acetic acid is catalyzed by a two-enzyme system consisting of a nitrile hydratase and an amidase (Nawaz et al. 1989 , Langdahl et al. 1996 , Kobayashi et al. 1996 , Acharya and Desai 1997 , Acharya and Desai 1999 . From our results, it is apparent that this reaction requires a free H + , and that when the concentration of H + falls below 10 -7.2 M, the reaction rate slows significantly.
The precipitous sensitivity of acetonitrile biodegradation to pH has not been previously described. For the rest of the experiment, the reactor pH was kept below pH 7.2 by the periodic addition of hydrochloric acid. Overall treatment efficiency by this standard is greater than 99.999 %, equivalent to treatment standards for competing technologies (Schwinkendorf et al. 1995) .
The drip-feed bioreactor performance could be analyzed using mass balance approaches applicable to other types of bioreactors (Stringfellow and Oh 2002) . Biodegradation rate was proportional to mass loading rate (Figure 8 ), but at high mass loading, efficiency declined ( Figure 9 ) and the concentration of acetonitrile in the bioreactor would increase. Biomass growth in the reactor could be described by a simple growth model (equation 3) using a Y of 0.13 mass biomass (mass acetonitrile) -1 and a k d of 0.0085 day -1 (Figure 10 ). The apparent Y estimated for the drip-feed bioreactor (Figure 10 ) was less than that observed in the batch reaction experiments (Figure 2 ). Batch reaction yield measurement, made under more favorable growth conditions than the Drip-feed reactor experiments, are better measurement of the "true" bacteria growth yield for thermodynamic calculation.
Volatile loss of acetonitrile from the reactor was estimated to be 0.04 % of the total acetonitrile treated, based on measurements of effluent gas condensates. Volatile loss was prevented by the use of a -5°C condenser on the gas outlet of the reactor. Very low temperature condensers, designed specifically for trapping tritiated water, could be added to insure complete containment of the reactor (Chang et al. 1999) . The fact that the loss of reaction efficiency for 35 days could be managed without the release of hazardous materials to the environment is in contrast to results from high temperature treatment, where the loss of treatment efficiency, even momentarily, can result in the immediate release of hazardous or toxic substances to the biosphere (Tries et al. 1996 , Schwinkendorf et al. 1995 , Shem et al. 1995 .
On day 187, the acetonitrile feed was terminated and the reaction was allowed to go to completion. Acetonitrile concentration went from approximately 750 mg/L to less than 1.0 mg/L, the target concentration for land disposal, within 40 days. The final concentration of acetonitrile was less than 0.1 mg/L, which is significantly lower than the land disposal restriction standard (USEPA 2003) . The overall performance measures for the reactor are presented in Table 1 .
The results of this research demonstrate that a drip-feed bioreactor can be used to treat solvents found in mixed wastes in a completely contained fashion, even during periods of plant upset. The main objective, treatment of the acetonitrile from 100,000 mg/L to less than 1.0 mg/L, was achieved with a dilution factor of only 3.4. The residual material had reached the RCRA land disposal restriction standard, and thus could be disposed of in a landfill. The dripfeed configuration meets the requirements for "units" of tanks or containers and is therefore allowable for on-site treatment under the EPA's final mixed waste rule (USEPA 2001 , Hageman 2002 ).
It was found in this study that the acetonitrile degradation reaction was pH sensitive, where the optimal pH range for the biodegradation process was approximately between 6.5 and 7.1. Above pH 7.5 the reaction was severely inhibited. The physiological reason for this inhibition is believed to be the need for free hydrogen ions in the reaction catalyzed by a nitrile hydratase and amidase enzyme system.
The results with acetonitrile, a toxic compound with poor biokinetic properties, further suggest that drip-feed biotreatment would offer a safe alternative for the treatment of other highly toxic, but biodegradable substances, such as sarin, VX, and mustard (Kilbane and Jackowski 1996 , Lee et al. 1996 , Shem et al. 1995 . Challenges facing the safe disposal of chemical warfare materiel (CWM) is similar to the challenges facing the safe disposal of mixed wastes. Incineration of CWM has faced strong public opposition and there is interest in developing alternative methods for CWM treatment (NRC 2002 , NRC 2000 . In many cases, CWM and associated waste streams are found in small quantities at dispersed locations and it is preferable to treat the waste on-site, rather than ship CWM to central locations (NRC 2002) .
Biological treatment of mustard and mustard hydrolysis products have been demonstrated (Kilbane and Jackowski 1996 , Lee et al. 1996 , NRC 2000 , NRC 2002 , Shem et al. 1995 , but projects examining the biological treatment of nerve agents have failed due to poor bioreactor design (NRC 2000) . Novel reactor configurations, such as the drip-feed bioreactor, could offer practical alternatives to the disposal of difficult to handle waste streams. 
